An In vitro selection method based on the autolytlc cleavage of yeast tRNA" 16 by Pb 2+ was applied to obtain tRNA derivatives with the antlcodon hairpin replaced by four single-stranded nudeotides. Based on the rates of the site-specific cleavage by Pb 2+ and the presence of a specific UV-lnduced crosslink, certain tetranucleotlde sequences allow proper folding of the rest of the tRNA molecule, wheras others do not. One such successful tetramer sequence was also used to replace the acceptor stem of yeast tRNA phe and the antlcodon hairpin of E.coll tRNA**** 1 without disrupting folding. These experiments suggest that certain tetramers may be able to replace structurally nonessential hairpins in any RNA.
INTRODUCTION
One of the most common RNA secondary structural element is the hairpin. RNA hairpins involved in tertiary interactions are in general phylogenetically conserved in both sizes and sequences. On the other hand, many hairpins are quite variable in sizes and/or sequences and are thus likely to be located on the surface of the molecule. For example, stem-loops (P4, P6, P7) located within the catalytic 'core' of the group I introns are highly conserved while others at the periphery of the 'core' (P2, P5, P8, P9) are not (1) . Similar examples can be found in rRNAs (2) .
Substitution of phylogenetically non-conserved hairpins by short single-stranded loops are often of interest in the biochemical studies of RNA. A hairpin dispensable for the function is often non-essential for the folding of the RNA. The resulting RNA with a reduced size is more attractive for structure-function studies. There are numerous reports where non-conserved helices have been deleted or substituted with short loops with various success. Helices P9.1 and 9.2 of the Tetrahymena thermophila rRNA intron have been shown to be dispensible for the core catalytic activity (3) as well as helices P7.1 and 7.2 of the sunY intron (4) . A simplified ribonuclease P RNA that excludes four non-essential helices of the E.coli Ml RNA has a catalytic efficiency similar to that of the native ribozyme in vitro (5) . Helix n of the hammerhead ribozyme can also be substituted without abolishing its catalytic activity (6) .
In an effort to understand how to successfully eliminate RNA hairpins which are not directly involved in tertiary folding, the anticodon hairpin of yeast tRNA"* was replaced by four singlestranded residues. We know from the tertiary structure of this tRNA (7, 8) that the central core of tRNA"* is maintained by nine tertiary interactions involving the D and T stem-loops and the variable loop, whereas the anticodon hairpin and the acceptor stem are essential only for tRNA function. An in vitro selection method based on the specific cleavage reaction of tRNA Phe by Pb 2 " 1 " was used to isolate sequence variants of the tetranucleotide loop which gave optimal Pb 2 " 1 " cleavage rates for derivatives lacking the anticodon hairpin of tRNA"*. Pb 2 " 1 " cleavage of unmodified yeast tRNA"* at U17G18 has been studied extensively and the rate of this cleavage reaction correlate directly with the proper folding of tRNA"* (9-13). One 'optimal' sequence was also used to replace the anticodon hairpin of E.coli tRNA 11 * and the acceptor stem of yeast tRNA"*. The results of these experiments suggest that certain tetranucleotide sequences are capable of replacing structurally non-essential hairpins without affecting three dimensional folding.
MATERIALS AND METHODS
In vitro selection of circular RNA's that undergo autolytic cleavage with Pb 2 " 1 " has been described in detail previously (14) . After three rounds of selection, the resulting cDNA was cloned and individual variants were sequenced.
To allow immediate screening of individual variants for Pb 2 " 1 " cleavage, minilysate DNA was amplified by PCR using one primer containing the T7 RNA polymerase promoter sequence and nucleotides 1 to 7 of yeast tRNA" 16 (5'TAATACGACTC-ACTATAACGGATT 3') and a second primer complementary to nucleotides 59 to 76 of yeast tRNA"* (5'TGGTTGCG-AATTCTGTGGA 30 to give an 80nt dsDNA. After transcription by T7 RNA polymerase (15) in the presence of [a-32 P] CTP, the 63nt RNA was purified on a 15% polyacrylamide gel containing 7M urea. Recovered RNA was renatured at 85°C for 2 min in 15 mM MOPS pH 7.0 and incubated in 10 mM MgCl 2 and 0.3 mM Pb(OAc)2 for 6 min at 22°C. The cleavage reactions were analyzed on 15% polyacrylamide, 7M urea gels.
• To whom correspondence should be addressed C60U mutations were introduced using one PCR primer complementary to nucleotides 47 to 76 of tRNA Phe (5TGGTGCGAATTCTGTG/1ATCGAACACAGGA 3') including the mutation (underlined) followed by transcription with T7 RNA polymerase.
The replacement of the anticodon hairpin of E. coli tRN A" 16 (C3G, G71C and U60C) and the acceptor hairpin of 'inverted' yeast tRNA"* ( Figure 2E ) was performed using the DNA plasmids containing the wild type sequence and PCR amplification. In case of E.coli tRNA Pbe , a primer complementary to nucleotides 44 to 76 and 14 to 26 was used including the sequence A^-UUAA-G 44 , (5' TGGTGCGCGGA-CTCGGGATCGAACCAAGGACACTTAATGCTCTACC-GACT 3'). For the 'inverted' yeast tRNA"* the primer was complementary to nucleotides 11 to 31 and 54 to 65 of yeast tRNA 1 * 6 and included the sequence G^-UUAA-U 8 , (5TGGC-GCGCTCTCCCAACTGAGCTATTAACTGTGGATC-GAA 3'). The second primer used in both cases contained the T7 RNA polymerase promotor sequence from -17 to +1 (5' TAATACGACTCACTATAG 3'). RNA was generated by subsequent transcription with T7 RNA polymerase using DNA from PCR reactions.
RESULTS
To maximize the chance of obtaining tRNA derivatives which lack the anticodon hairpin but otherwise fold correctly, we replaced nucleotides 27 to 43 by a single stranded loop of four residues. Since four residues can span as much as 29 A (16), they should be sufficient to bridge the 18.3 A gap between the phosphates of the 'propeller-twisted' G^-A 44 base pair. Four residues were chosen instead of three or longer because the most common hairpin loops in 16S-like rRNAs (17) contain four residues. Thermodynamic studies also showed that four residue loops are more stable than hairpin loops of other sizes (18) . The sequences of the four nucleotides were randomized ( Figure 1 ) to allow selection of sequence variants that permit other potential interactions to occur in order to compensate for the loss of coaxial stacking of the D and anticondon helices.
The in vitro selection procedure described by Pan & Uhlenbeck (14) was used to isolate variants based on rapid self-cleavage with Pb was observed after two rounds of selection, the cDNA after the third round was cloned into the E.coli plasmid pUC18 and 33 colonies containing inserts were sequenced. Twelve colonies had no alterations of the yeast tRNA 0 * sequence other than at the randomized positions. The other 21 variants had at least one deletion or mutation at sites expected to be constant. Since we were interested in stem-loop replacement, only the 12 variants containing no other changes were tested for Pb 2 " 1 " cleavage (Table I ). All variants could be cleaved specifically at the expected site between U17 and G18, although the efficiency of cleavage differed substantially. Four RNA variants were cleaved much less well than tRNA 11 *, suggesting that these RNA molecules are misfolded. Seven variants were cleaved quite efficiently under these conditions with three variants (#4, #8 and # 15) being better than the others.
The variant containing the sequence UCUU (# 1) showed an additional cleavage site between A44 and the inserted tetranucleotide. Cleavage at this site was as efficient as the cleavage at U17. Interestingly, the variant containing the sequence UUUU (# 9) does not show this additional cleavage site. This suggests that the U to C change resulted in a new Pb When the C60U mutation is introduced in yeast tRNA phe , cleavage rate is reduced by 12.5 fold (12) . When C60U mutations were introduced in variants # 4 and # 8, cleavage rates were again reduced to a similar extent (Table II) . Thus, Pb Another means to characterize the folding of yeast tRNA Phe central core is to determine whether a cyclobutane dimer forms between nucleotides C48 and U59 upon irradiation with short wavelength UV-light (19) . This crosslink is consistent with the crystal structure of tRNA 1 * 6 since C48 in the variable loop and U59 in the T-loop are stacked on each other (5, 6) . Mutational studies show that the efficiency of this crosslink also depends on the correct tertiary structure of tRNA"* (19) . When variants # 4 and # 8 were irradiated with shortwave UV-light for 6 min in 30 mM HEPES pH 7.4 and 10 mM Mg 2+ , a slower migrating crosslinked species was rapidly formed. The crosslinking site was mapped as described previously (19) , revealing the corresponding residue, C48, as the 5' crosslinking site (not shown). The efficient crosslinking of both variants provides additional evidence that the central core is folded correctly.
Since the selection experiment was performed in the background sequence of yeast tRNA"*, it is of interest whether the same tetranucleotide sequences can be used to replace the anticodon hairpin of another tRNA. We choose a derivative of E.coli tRNA"* ( Figure 2C ) which can also cleave with Pb yeast tRNA"* (Table II) . Although there is no crystal structure for this tRNA, numerious biochemical and structural characterizations indicate that E.coli tRNA 11 * is structurally very similar to yeast tRNA"* (12, (20) (21) (22) . This tRNA differs from yeast tRNA (G26-A44, G10-C25-G45) are different in E.coli tRNA"* (A26-G44, G10-C25-U45). Since neighbor effects are often important in RNA folding, it is unclear whether the anticodon hairpin could be replaced by the same tetramer. Replacement of the anticodon stem of E. coli tRNA"* with the UUAA sequence of variant # 8 ( Figure 2D ) decreased the rate of Pb 2 " 1 " cleavage by less than 2 fold (Table H) . Thus, the same tetranucleotide sequence can be used to delete the anticodon hairpin in two tRNAs with different adjacent sequences.
When irradiated with UV-light, E.coli tRNA"* forms multiple crosslinked species. This is thought to be due to the four adjacent G-C base pairs in the anticodon stem (22) . Since our construct does not contain the anticodon stem, we expect to obtain only one crosslinked RNA species after irradiation with UV-light. This was indeed observed (not shown), supporting the view that die four G-C base pairs are the primary cause of forming alternative conformers in native E.coli tRNA phe . This result also suggests that structural heterogeniety could be circumvented by replacing hairpins that are potentially prone to form alternate structures.
The ability of the sequence UUAA to replace two anticodon hairpins in different sequence context raises the possibility that it can be used for the replacement of other RNA hairpins. We first constructed a circularly permuted tRNA (denoted 'inverted' tRNA 1 " 1 *) where the 5' and 3' ends were located in the anticodon stem and a 6 base pair hairpin with a stable GA 3 loop replaced the acceptor stem ( Figure 2E ). This construct also cleaved with Pb 2+ between U17 and G18 in the D-loop with a rate similar to that of yeast tRNA"* (Table II) confirming that the anticodon loop is dispensible.
The 'acceptor hairpin' of the 'inverted' tRNA 1 " 1 * is not expected to be involved in tertiary interactions and should therefore be interchangeable with a tetranucleotide loop as for the anticodon hairpin. When nucleotides A66 to U7 were replaced with the sequence 5' UUAA 3' (Figure 2F) , the resulting molecule cleaved with Pb 2 " 1 " at the same rate compared to the full length 'inverted' tRNA (Table II) . Additionally we were able to induce an UV-crosslink into this molecule at a similar efficiency as for the full length RNA. Both experiments suggest that the acceptor stem of yeast tRNA 0 * can be successfully substituted by the same tetranucleotide sequence as the anticodon hairpin and this RNA containing 54 nucleotides is also sufficient for formation of the correct tRNA central core.
DISCUSSION
We have shown that it is possible to replace structurally nonessential stem-loops with single stranded loops of four nucleotides. It is clear from this work that the sequence of die tetranucleotide determines whether the resulting RNA molecule has proper structure. To avoid testing of all possible combinations individually, in vitro selection was used to isolate the optimal sequence variants. The same selection protocol can be used to replace non-essential hairpins in other RNA's that undergo autolytic cleavage.
Although three rounds of selection were performed, the resulting sequence variants still showed a wide range of cleavage efficency. This might be due to non-optimal cleavage conditions used in the selection procedure. As discussed previously (14) , Pb 2+ cleavage is not the only criteria for selection, the usage of protein enzymes introduces additional selection pressure. It is plausible that variation in die tetranucleotide sequences may affect me efficiencies of T4 polynucleotide kinase and T4 RNA ligase to act at the cleavage site. This selective pressure could have been avoided by the use of a second PCR primer comprised of the T7 promoter sequence and nucleotides 1 to 26 of tRNA Pbe . Thus it should be possible to select and amplify variants of this library which are cleaved at the expected site widiout die circularization steps.
Nevertheless, die best sequence variants showed cleavage rates and specificity almost indistinguishable from diat of die yeast fllNA 1 " 1 *. By all experimental criteria we have carried out, diey possessed tRNA central folds likely to be identical to diat of yeast tRNA"*. Due to the limited number of variants it is not possible to derive a consensus sequence of folding permissive sequences (if any exists). Since only a dozen variants were tested, we believe diat other tetranucleotide sequences suitable for this purpose are surely to exist.
It is not obvious why some sequences work far better dian omers. One possible explanation is that permissive sequences promote intermolecular base pairing. This would imply concentration dependent cleavage rates which was not observed experimentally (data not shown). Another possibility is diat these sequences are least likely to form alternate conformers. This is again unlikely since in two cases identical sequences can be used to replace odier hairpins in different tRNA's (Table n, Figures  2,3) . The successful application of using the same permissive tetranucleotide loops to replace RNA hairpins in different molecules raises die possibility that certain tetranucleotide loops uiat can be used for stem-loop replacement in any or most RNAs.
We have rationalized earlier why tetranucleotides were chosen to replace RNA hairpins. Obviously, loops of odier sizes could also serve for diis purpose. To maximize die effect of size reduction, a selection using trimers of randomized sequences might be worth investigating. Although three nucleotides can bridge a maximum distance of about 21A (16), the conformational arrangement of the loop nucleotides is probably less flexible compared to tetramers. We therefore would expect that the number of permissive trimers is very limited and more sequence specific. Indeed, a previous attempt to replace the acceptor hairpin of the 'inverted' tRNA"* by a three nucleotide loop (G^-AAU-U which is substituted in Halobacterium halobium by the sequence 5' UUCG 3'. This might actually be a case where a hairpin has been inserted instead of the tetramer since this hairpin occurs exclusivly in eucaryotes. These naturally occurring examples of hairpin replacement by tetramers in completely different contexts demonstrate that hairpins and tetramers can be interchangeable and underline the relevance of our approach in tRNA.
In addition to identifying the minimal functional structures of catalytic RNAs, the replacement of RNA hairpins should be useful to determine hitherto unrecognizable RNA folding domains by reduction of well known RNAs to minimum core structures. Successful replacement of structurally isomorphic elements may also help to assess folding information for other (larger) RNA molecules where the tertiary structure is otherwise hardly accesible. Furthermore, size reduction is highly desirable for structural investigation of RNA by NMR or X-ray crystallography.
This work confirms once more that in vitro selection can be used as a tool to isolate RNA variants with novel structural features. Substitution of the anticodon hairpin of yeast tRNA"* by tetranucleotides of randomized sequences leads to the result that distinct sequences are required to maintain tertiary structure. Since one optimal sequence can be used to replace two other RNA hairpins, it would be interesting to know how general these 'optimum-sequences' can be applied and to see whether these sequences are compatible with RNAs other than tRNAs.
